Background. Preoperative focused microwave thermotherapy (FMT) is a promising method for targeted treatment of breast cancer cells. Results of four multiinstitutional clinical studies of preoperative FMT for treating invasive carcinomas in the intact breast are reviewed.
ABSTRACT
Background. Preoperative focused microwave thermotherapy (FMT) is a promising method for targeted treatment of breast cancer cells. Results of four multiinstitutional clinical studies of preoperative FMT for treating invasive carcinomas in the intact breast are reviewed.
Methods. Externally applied wide-field adaptive phasedarray FMT has been investigated both as a preoperative heat-alone ablation treatment and as a combination treatment with preoperative anthracycline-based chemotherapy for breast tumors ranging in ultrasound-measured size from 0.8 to 7.8 cm.
Results. In phase I, eight of ten (80%) patients receiving a single low dose of FMT prior to receiving mastectomy had a partial tumor response quantified by either ultrasound measurements of tumor volume reduction or by pathologic cell kill. In phase II, the FMT thermal dose was increased to establish a threshold dose to induce 100% pathologic tumor cell kill for invasive carcinomas prior to breastconserving surgery (BCS). In a randomized study for patients with early-stage invasive breast cancer, of those patients receiving preoperative FMT at ablative temperatures, 0 of 34 (0%) patients had positive tumor margins, whereas positive margins occurred in 4 of 41 (9.8%) of patients receiving BCS alone (P = 0.13). In a randomized study for patients with large tumors, based on ultrasound measurements the median tumor volume reduction was 88.4% (n = 14) for patients receiving FMT and neoadjuvant chemotherapy, compared with 58.8% (n = 10) reduction in the neoadjuvant chemotherapy-alone arm (P = 0.048).
Conclusions. Wide-field adaptive phased-array FMT can be safely administered in a preoperative setting, and data from randomized studies suggest both a reduction in positive tumor margins as a heat-alone treatment for early-stage breast cancer and a reduction in tumor volume when used in combination with anthracycline-based chemotherapy for patients with large breast cancer tumors. Larger randomized studies are required to verify these conclusions.
Current standard-of-care treatments for breast cancer include surgery, radiation therapy, chemotherapy, and hormonal therapy, depending on the stage of the cancer. 1, 2 For early-stage breast cancer, the tumor and a margin of surrounding healthy tissue are surgically excised prior to radiation therapy; however, in some cases residual cancer cells remain in the breast, which can lead to local recurrence. Breast surgery can involve either breast conservation, which can be performed as a lumpectomy (partial mastectomy), or it can involve a mastectomy. Overall survival at 20 years post treatment is equivalent among patients receiving mastectomy (47%), lumpectomy (46%) or lumpectomy plus radiation therapy (47%). 3 Singleinstitution data suggest that mastectomy rates have risen recently due to increased use of magnetic resonance imaging (MRI) of the breast. 4 To improve cosmetic outcome, chemotherapy is sometimes administered prior to surgery to downsize large breast cancer tumors. 5, 6 Treatments that could increase the use of breast conservation and eliminate residual cancer cells to reduce local recurrence with limited side-effects are desirable. Tumor heating (hyperthermia) is a possible treatment technique that can kill breast cancer cells safely in the intact breast provided that surrounding healthy tissues are spared. [7] [8] [9] [10] [11] [12] Adaptive phased-array focused microwave thermotherapy (FMT) is a technology developed for safely heating breast cancer in the intact breast. [13] [14] [15] It has been investigated recently in clinical trials for treating both early-stage breast cancer and large breast cancer tumors. [16] [17] [18] [19] [20] In a majority of cases, breast cancer can be considered to be composed of a primary invasive cancerous tumor and a diffuse component of microscopic cancer cells that invade surrounding breast tissues. Breast-conservation surgery attempts to remove all of the cancerous tumor cells in one or more excisions. During the breast-conserving surgical procedure, for example, during a first incision, the excised breast tissue is submitted for intraoperative pathologic evaluation. 21 The pathology procedures determine whether there are tumor cells at the surgical cut edge, which is referred to as a positive tumor margin. If positive tumor margins are identified, additional breast tissue often will be excised in the region where the positive margin occurred. If tumor cells are found close to the surgical cut edge of the excised specimen, the surgeon can elect to perform a reexcision to provide negative margins (defined herein as tumor cells [1 mm from the surgical cut edge). There is a significantly higher cancer recurrence rate when positive tumor margins occur compared with when the margins are negative. 21 If reexcision is needed to achieve negative margins, it is desirable to perform the reexcision during the first surgery, since the breast cosmetic result is inferior if a second incision is performed. In the case of lumpectomy, the primary tumor and a 1-to 3-cm margin of healthy tissue (possibly containing microscopic cancer cells) surrounding the tumor are excised. Therefore, for a 1-cm-diameter tumor, taking account of the 1-to 3-cm margin of tissue excised, the excised breast tissue diameter can range from about 3 to 7 cm in maximum dimension. Similarly, a larger 3-cm tumor can require an excision with about a 5-to 9-cm maximum diameter to attempt to achieve negative margins. As a quantitative example, in a small multicenter clinical study for patients with early-stage invasive breast cancer who received breast-conserving surgery followed by radiation therapy, the ultrasound-measured tumor length and corresponding pathologic tumor length for a representative number of cases (n = 38) are shown in Fig. 1 . Breastconserving surgery involved a first excision of both the tumor and a margin of tissue, followed by intraoperative pathology to determine margin status, followed by any additional margin-specific excisions (reexcisions) aimed at providing negative margins during the first incision. The mean ultrasound-measured tumor length at enrollment was 1.4 cm, and the first excision (during the first incision) had mean gross pathologic tumor length of 7.4 cm. Taking the difference between these lengths and dividing by 2 yields a mean excised margin of tissue (surgical cut edge) equal to 3.0 cm surrounding the length of the primary tumor. For these same cases, from the data shown in Fig. 2 , the mean ultrasound-measured tumor volume (ellipsoidal volume = length 9 width 9 depth 9 0.524) at enrollment was 1.58 cc and the mean gross pathologic tissue excision volume of the first excision was 79.05 cc, corresponding to a ratio of 50 to 1 for mean excised tissue volume relative to mean tumor volume at enrollment. For these cases, additional excisions during the first incision were performed based on the intraoperative pathology margin status. For this example group, after the first breast-conserving surgery (first incision, including all intraoperative reexcisions) was completed, based on pathology, 26.3% of patients had close or positive margins. Postoperative radiation therapy (RT) can be applied by either external or interstitial means, and RT attempts to eliminate any residual cancer cells that might be missed by the breast-conserving surgical procedure. 22 For large primary breast cancer tumors, preoperative chemotherapy is sometimes used to provide local tumor shrinkage as well as to systemically treat cancer metastases. 5, 6, [23] [24] [25] [26] An additional treatment modality that could provide increased tumor cell kill (ablation) and increased tumor shrinkage would generally need to treat cancer cells distributed over large volumes of breast tissue in order to address small and large breast tumors and the tumor margins.
The subject of breast cancer tumor thermal ablation as part of a multimodality approach in the treatment of breast cancer has been reviewed by Hall-Craggs, Singletary, Noguchi, Agnese and Burak, Huston and Simmons, and van Esser et al. [27] [28] [29] [30] [31] [32] Thermal energy treatments with radiofrequency, interstitial laser photocoagulation, focused ultrasound, cryotherapy, and adaptive phased-array focused microwave thermotherapy have demonstrated some success in achieving ablation of breast cancer tumors. [13] [14] [15] [16] [17] [18] [19] [20] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] For thermotherapy treatment of breast cancer, microwave energy is promising, because it preferentially heats and damages high-water high-ion-content breast carcinomas, compared with lesser degrees of heating that occur in lower-water, lower-ion-content normal fatty breast tissues. [47] [48] [49] [50] [51] [52] [53] [54] [55] The measured mean water content of normal fatty breast tissue is 19.1% (n = 36), and normal mixed glandular and connective tissue has a measured mean water content of 58.5% (n = 20). 50 Breast carcinomas have a mean water content of 74.3% (n = 22), which is significantly higher than in normal breast tissues. 50 Based on these measured data for percentage water content, microwave energy would heat breast carcinomas faster than normal fatty (adipose) breast tissue and mixed glandular and connective tissues. As discussed below, a majority of the breast tissue is low-water-content fatty breast tissue, with a lower percentage of glandular and connective tissues.
The mean fraction by mass for the glandular content of the female breast decreases with patient age, and correspondingly the mean fraction of adipose (fatty) tissue increases. 56 For women aged 55 years and older, the mean percentage of normal fatty breast tissue is on the order of 70%. During 2000-2004, the median age for which breast cancer was diagnosed was 61 years. 57 It follows that, in a majority of breast cancer patients, the breast consists primarily of normal fatty tissue. Based on water content, with microwave thermotherapy a preferential heating effect for breast cancer cells compared with normal breast tissue should occur in a majority of breast cancer patients.
METHODS
Focused microwave thermotherapy was performed on an outpatient basis using local anesthesia with patients in the prone position. A Food and Drug Administration (FDA) investigational device exemption (IDE)-approved twochannel 915-MHz adaptive phased-array focused microwave thermotherapy system [model APA-1000; Medifocus, Inc., formerly Celsion (Canada) Limited] was used in the four clinical studies summarized in Table 1 . This minimally invasive treatment system uses transcutaneous opposing microwave waveguide applicators and produces a phase-focused microwave field in the compressed breast to heat and destroy high-water high-ion-content tumor tissue. The 915-MHz waveguide applicators have large rectangular aperture dimensions (6.5 cm 9 13 cm), and together they produce a wide field distribution in the breast to irradiate small and large tumors and tumor cells in the margins. 20 The effective microwave radiation field encompasses an approximate 6 cm 9 8 cm area in the breast tissue in a plane parallel to the breast compression plates. In the compressed breast thickness dimension, the effective microwave field extends approximately 1.5 cm on either side of the focal (target) point in the tumor. This microwave field conformation has the potential to kill highwater-content tumor cells distributed over a large volume of the breast. A sensor catheter is used to monitor parameters (temperature and microwave field amplitude) in the primary tumor region during the FMT treatment. Prior to inserting the sensor catheter, a local anesthetic (1% lidocaine) is infused at the skin entry point, and then the skin is nicked approximately 2.5 mm in length with an 11 blade. A 16-gauge (1.65 mm OD, 1.22 mm ID) closed-end plastic catheter is inserted into the tumor under ultrasound guidance, and a single-use disposable (1.12 mm OD) combination E-field focusing sensor and fiber-optic temperature sensor is inserted in the catheter to adaptively TT thermotherapy, TCT thermochemotherapy, BCS breast-conserving surgery phase-focus the microwaves and measure the tumor temperature during thermotherapy. The combination sensor has the fiber-optic temperature sensor at the probe tip, and the E-field sensor is 1.5 cm from the tip. The patient is positioned prone with the breast pendulant through a hole in the treatment table and the breast is compressed to a thickness of between about 4 and 8 cm depending on both breast size and patient comfort. Cooling the breast compression plates and skin with room-temperature airflow during focused microwave thermotherapy treatments helps reduce the potential for skin-surface hot spots. Compressing the breast with the patient in a prone position, such as that used in stereotactic needle breast biopsy procedures, maximizes the amount of breast tissue within the compression device and moves the breast tumor away from the chest wall. 58 Compression immobilizes the breast tissue such that any potential patient motion complications are eliminated. The compression plates are composed of microwave-transparent acrylic plastic material with rectangular apertures that are large enough to allow an ultrasound transducer to contact the breast and localize the breast tumor for accurate sensor positioning within the tumor. Seven temperature sensors are taped (using thin sterile elastic skin closures) to the skin and nipple to monitor surface temperature during thermotherapy. Two microwave applicators are positioned on opposite sides of the acrylic compression plates with the tumor to be treated toward the midpoint of the applicator apertures, leaving an air gap of about 1.0-2.0 cm as measured from the applicator apertures to the breast tissue to allow the desired airflow and skin surface cooling. During treatment, the amount of breast compression, focused microwave power, and air cooling of the skin are adjusted to provide patient comfort; the microwave phase focusing is verified and adjusted adaptively under computer control. For treatment of small to large tumors, a single focal position is used for the entire therapy by means of the single microwave focusing probe positioned within the tumor throughout the treatment. During some treatments, the microwave applicators are repositioned closer to or farther from the breast tissue, or the amount of breast compression is adjusted, and the relative phase of the applicators is adjusted adaptively to maintain the focus at the microwave focusing probe. In addition to sparing low-water, low-ion-content normal fatty breast tissues, FMT treatment should spare the chest wall and pleura, since the opposing microwave applicator apertures are oriented, approximately, at right angles with respect to the chest wall and pleura and would tend not to heat these regions.
Experimental studies support the concept that tumor cell heating for 60 min at 43°C is tumoricidal, and the period of time to kill tumor cells decreases by a factor of 2 for each 1°C increase in temperature above about 43°C. 59 During tumor temperature increase above 43°C, thermal dose is more rapidly accumulated in the tumor. For example, the thermal treatment time required for a heat-alone 210-min equivalent treatment at 43°C can be reduced to about 6.4 min at 48°C, 3.2 min at 49°C or 1.6 min at 50°C. The cumulative equivalent minutes (CEM) thermal dose relative to 43°C is calculated from the measured temperatures recorded by the sensor in the tumor and also for the seven sensors on the skin and nipple. To reach therapeutic temperature from the initial tumor temperature, the desired heating rate of the tumor is in the range of about 1-2°C/min. Once the desired tumor temperature range and target thermal dose are achieved during active microwave heating, the microwave power is reduced to zero and breast compression is maintained during a 5-min cool-down period. During the cool-down period, as a result of reduced blood flow from the breast compression and the thermal insulation of the surrounding breast tissues, particularly the low thermal conductivity of normal fatty breast tissue, the thermal dose continues to accumulate in the tumor toward the goal of the desired thermal equivalent minutes dose. Statistical differences between thermotherapy and control groups were quantified using Student's t test and Fisher's exact test (InStat, GraphPad Software, Inc.), as appropriate. 60 All tests were two-sided and P values B 0.05 were considered statistically significant. Parameters were quantified by mean, range, standard deviation (SD), and 95% confidence interval (CI) as appropriate.
To determine the effectiveness of the treatment (tumor size reduction), ultrasound imaging with the patient supine and the breast and breast tumor of each patient in a consistent orientation was performed. Tumor cell kill was based on tumor necrosis and was estimated from hematoxylin and eosin (H&E) histological sections (performed at each participating site) from pretreatment biopsy and from surgical excision of the primary breast tumor. Necrosis was estimated and expressed as a percentage of necrotic tumor areas in relation to necrotic and viable tumor areas. In the phase I FMT study, to quantify apoptosis-related cancer cell kill, M30 immunohistochemistry was used. 61 M30 staining characteristics in the pre-and postthermotherapy tumor tissue were compared. Care was taken to avoid any areas of obvious ischemic necrosis when comparing results.
RESULTS

Phase I Safety
The aim of the phase I study was to determine whether a 60-min CEM thermal dose could be used to safely heat, damage, and reduce the size of primary breast carcinomas with heat alone prior to surgery. Tumor temperatures desired in this safety study were in the range of 45-47°C. Ten patients were treated with FMT prior to receiving mastectomy from December 1999 to July 2000, at Columbia Hospital in West Palm Beach, FL and Harbor-UCLA Medical Center in Torrance, CA, as part of an FDAapproved phase I clinical feasibility and safety study with Internal Review Board approval obtained at each hospital as discussed by Gardner. 16 After providing fully informed written consent, female patients with breast carcinomas in the intact breast received a single thermotherapy session and 5-27 days later underwent mastectomy regardless of any thermotherapy effect on the tumor. Patients were enrolled in the study provided that the tumor was at least 1 cm beneath the skin surface and not attached to the chest wall.
Ten patients in the phase I study ranging in age from 47 to 82 years (mean 58.5 years) with breast carcinomas ranging in size from 1 to 8 cm (mean 4.3 cm, maximum dimension based on clinical exam) completed the FMT treatment. The breast tissue compression thickness ranged from 4.5 to 6.5 cm (mean 5.6 cm). The peak tumor temperature, thermal dose to tumor, tumor size reduction based on ultrasound, and tumor cell kill based on pathology (necrosis and apoptosis) are summarized in Table 2 . The measured tumor CEM thermal dose ranged from 25 to 103 min (mean 52 min), and the measured peak surface CEM thermal dose ranged from 0 to 4.4 min (mean 0.8 min). The microwave treatment time ranged from 12 to 40 min (mean 34.7 min). During each treatment, the tumor temperature was raised significantly higher than that of the skin and nipple. Peak tumor temperature ranged from 43.3 to 47.7°C (mean 44.9°C), and the peak temperature for all surface sensors ranged from 37.2 to 42.1°C (mean 40.7°C); thus, the mean peak tumor temperature achieved was 4.2°C higher than the mean peak surface temperature.
To determine the effectiveness of the heat-alone FMT treatment, the results of imaging and pathology data were analyzed. Tumor size reduction ranging from 29 to 60% (mean 41%) occurred, in 18 days or less, in six out of ten (60%) patients based on ultrasound measurements. Postthermotherapy (27 days or less) mastectomy specimens showed that, in four out of the ten treatments (40%), ischemic tumor necrosis estimated at 40-60% (mean 48%) of the total tumor volume occurred, and in six of eight patients tumor cell kill of 82-97% (mean 89.7%) based on apoptosis measurements occurred. It is possible that a longer observation time after thermotherapy could have resulted in further tumor size reduction and increased tumor cell kill.
Side-effects and their presumed cause in this study were as follows. In the first three patients, limited cooling of the skin and nipple was used and peak surface temperatures of 41.9°C (mean) and peak surface CEM thermal dose of 2.5 min (mean) occurred. In the subsequent patient treatments, additional air cooling was used and helped reduce the peak temperature (mean 40.2°C) and CEM thermal dose (mean 0.09 min) in the surface tissues for patients 4-10. Limited (range 0.6 9 1.5 cm 2 to 1.2 9 3.5 cm 2 ) flap necrosis occurred in the first three patients and may have been due to the combination of thin skin flaps, the peak skin temperature, skin thermal dose, and the short time (7-8 days) between thermotherapy and mastectomy. A small blister (approximately 1 cm diameter) occurred due to thermotherapy for patient 3, which healed completely with no treatment required and presented no special considerations during surgery.
The pathology data of this study suggest that achieving a 60-min thermal dose and peak temperature [45°C is correlated with the onset of significant ischemic tumor necrosis, and that a higher dose and peak temperature are In these phase I safety tests of a clinical focused microwave phased-array thermotherapy system, ten patients were treated and a significant thermal dose was delivered to breast carcinomas 1-8 cm in maximum clinical dimension and located at central depth in the compressed breast. Eight of ten (80%) patients had partial tumor response based on tumor shrinkage measured by ultrasound or tumor cell kill based on necrosis and apoptosis measurements. A higher tumor thermal dose than that used in this study is required to achieve complete tumor cell kill, as investigated in the phase II study described in the next section.
Phase II Dose Escalation
Based on the safety data of phase I, a phase II thermal dose escalation study for FMT was conducted at four institutions. 16 The goal of the phase II study was to use heat alone prior to breast-conserving surgery to determine the required threshold dose to induce 100% tumor cell kill for early-stage invasive breast carcinomas. 17 Between May 2001 and July 2002, patients with invasive breast carcinoma seen at Harbor-University of California-Los Angeles Medical Center in Torrance, CA; The University of Oklahoma in Oklahoma City, OK; Columbia Hospital in West Palm Beach, FL; and Martin-Luther University in Hale, Germany were invited to participate in this FDAapproved clinical trial. This study was approved and monitored by the Human Subjects Committee at each participating institution. Eligibility criteria included: (1) Karnofski performance status [ 70%, (2) core-needle biopsy-proven invasive breast cancer, (3) breast-conservation treatment planned, (4) tumor visible and measurable by ultrasound, and (5) absence of involvement of the skin or pectoralis muscle. All patients were required to undergo counseling and signed a written informed consent document. Some specific exclusion criteria were pregnancy, breast-feeding, and presence of breast implants, pacemakers or defibrillators. The study was designed as an uncontrolled, prospective, multicenter, nonrandomized, thermal-dose-escalation study. Escalation of thermal dose was performed in cohorts of five patients at progressively increasing cumulative equivalent minutes thermal doses of 80 CEM, 100 CEM, and 120 CEM relative to 43°C. Treatment of an additional ten patients at the highest dose was planned if no dose-limiting toxicity was reached. All toxicities were graded and reported according to dose level, and toxicities were assessed after therapy.
Physical exam of the breast and ultrasound assessment were completed before thermal therapy and prior to surgery. Complete clinical response (CR) was defined as complete disappearance of all clinically and radiologically detectable malignant disease. Partial clinical response (PR) was defined as 50% or more decrease from baseline in the volume of the measurable breast tumor. A \50% decrease was defined as clinical stable disease. Progression of clinical disease was defined as 25% increase in any lesion. Adverse events, vital signs, and laboratory measurements (complete blood count, blood urea nitrogen and creatinine, bilirubin, serum glutamic-oxaloacetic transaminase, serum glutamic-pyruvic transaminase, alkaline phosphatase, and routine chemistries) were monitored to evaluate the safety and tolerability of the thermal dose. Performance status was recorded after thermal therapy.
Statistical models to compute percentage tumor necrosis as a function of either tumor thermal dose or peak tumor temperature achieved were developed based on linear regression to determine the best fit to the measured data. 17 With this linear regression model, a straight line is determined that minimizes the sum of the squares of the difference between the model tumor necrosis and measured tumor necrosis data. Twenty-five patients were enrolled in this study; patient demographics are given in Table 3 . Twenty-four of 25 (96%) patients tolerated the thermotherapy treatment. Tumoricidal temperatures ([43°C) were reached in 23 of 25 (92%) patients. The breast tissue compression thickness ranged from 3.5 to 6.5 cm and was adjusted during microwave thermotherapy as necessary to maintain patient comfort. Patients underwent breast-conserving surgery on average 17 days after thermotherapy (range 6-38 days).
The mean value for ultrasound measurements of tumor size at baseline was 1.76 cm (range 0.7-2.5 cm). There was no demonstrable clinical or radiological change in tumor size (P = NS) with thermotherapy. Mean tumor size There was evidence of pathologic necrosis in 17 of 25 (68%) patients. There was complete ablation of invasive carcinoma in two cases. However, both patients had residual in situ breast cancer. There was one additional patient with a single cluster of residual tumor cells (tumor necrosis estimated at 99.9%). The extent of necrosis in the other cases ranged from 25 to 90%. One of 25 (4%) of patients had positive tumor margins after breast-conservation surgery. Six of the 25 subjects were excluded from the efficacy analysis of thermal-energy-induced pathologic necrosis due to inaccurate tumor temperature recordings in four cases and delivery of suboptimal thermal dose in two cases. For the data of the 19 included patients, 8 patients received a cumulative thermal dose in the range of 158.9-206 min and all had significant tumor necrosis (range 60-100%, mean 84%). Nine patients received a thermal dose in the range of 107.8-147.8 min, and six of nine (67%) exhibited tumor necrosis (for all nine patients the necrosis had range 0-95%, mean 40%). Two patients received a thermal dose in the range of 82.8-97.2 min and one of two (50%) exhibited tumor necrosis (range 0-50%, mean 25%). Fourteen of fifteen (93.3%) patients receiving a peak tumor temperature C46.9°C had tumor necrosis (range 25-100%, mean 72.1%). As summarized in Table 4 , the univariate linear regression model predicts that a thermal dose of 140 CEM is predictive of 50% tumor necrosis, and 210 CEM is predictive of 100% tumor necrosis (P = 0.003). The univariate linear regression model also predicts that a peak tumor temperature of 47.4°C is predictive of 50% tumor necrosis and a peak tumor temperature of 49.7°C is predictive of 100% tumor necrosis. In this study, focused microwave thermotherapy did not impair the ability to perform sentinel lymph node mapping. 18 Side-effects were as follows. In the first cohort of patients scheduled to receive 80 CEM, three patients had one treatment and two patients were given two treatments. Thermotherapy was well tolerated. Short-lived erythema developed in the skin of the treated breast in two (40%) patients. In patients assigned to the 100 CEM thermal dose, three (60%) developed short-lived erythema, two (40%) experienced mild pain during treatment, and one (20%) developed a first-degree burn in the treated skin that completely healed and presented no special considerations during surgery.
In the last cohort of patients, scheduled to receive 120 CEM, one patient (6.6%) reported severe pain in the first 4 min of thermotherapy and the treatment was stopped; the highest skin temperature was 37.2°C and the tumor temperature was 39.2°C at the time the microwave energy was turned off. Seven (47%) experienced pain, four (27%) developed short-lived skin erythema, five (33%) developed edema of the breast or areola, and two patients (13.3%) developed skin thermal burns (first and third degree). The third-degree burn occurred over a small area (8-mm diameter) enclosing the focusing probe skin-entry point, which was within the microwave field, in proximity to one of the microwave applicators.
This study has established that both thermal dose and peak temperature show statistically significant association with presence of tumor necrosis in the wide local excision specimen. Based on this statistical model, 100% tumor cell death is expected when a thermal dose of 209.8 CEM and a peak tumor temperature of 49.7°C are achieved. Furthermore, the therapeutic window of FMT takes place at a point where no significant toxicity is seen. Thermal ablation with FMT was well tolerated and no significant complications were recorded. Based on the results of this study, a randomized study was conducted as described in the next section. planned breast-conservation treatment by partial mastectomy or lumpectomy followed by radiation therapy, (4) visible tumor measurable by ultrasound, and (5) absence of involvement of the skin or pectoralis muscle. All patients were required to undergo counseling and to sign written informed consent. Some specific exclusion criteria were (1) pregnancy, (2) breast-feeding, (3) presence of breast implants, (4) clinically significant heart disease, (5) pacemakers or defibrillators, (6) unable to tolerate prone position or breast compression, (7) diagnosis of cancer made by lumpectomy or incisional biopsy, (8) presence of any factor or condition, other than tumor size, which would preclude lumpectomy including multicentric (multifocal) disease or prior history of collagen vascular disease, and (9) breast cancer with a high probability of extensive intraductal in situ disease. This study was designed as a prospective, multicenter randomized study with two treatment arms (thermotherapy plus surgery, and surgery alone as the control arm). The planned study population was 222 patients, allowing for 10% patient attrition. An interim analysis was planned to be performed when approximately 50% of the patients had all of the necessary data collected. The targeted thermal dose was 140-180 equivalent minutes during active microwave heating. With 5-min cool down and maintaining breast compression, the overall targeted thermal dose was 210 thermal cumulative equivalent minutes relative to 43°C, as determined from the phase II thermal dose escalation study described in the previous section. 17 The target tumor temperature was in the range of 48-52°C. Breastconservation surgery was to be performed within 60 days after focused microwave thermotherapy. Outcomes measured in this study were pathologic margin status, surgical reexcision (intraoperative and second-incision) rates, excised tissue volume, pathologic tumor necrosis, and focused microwave thermotherapy-related side-effects. Margins for the primary excision were assessed relative to multicolor inking to identify the medial, lateral, superior, inferior, anterior, and posterior aspects of the breast tissue. In this study, tumor margins were assessed as follows: positive margin refers to breast tumor cells located at the surgical margin (cut edge), close margin refers to breast tumor cells located at a distance 1 mm or less from the surgical margin, and negative margin refers to breast tumor cells located at a distance greater than 1 mm from the surgical margin. Tumor cell kill was based on tumor necrosis and was estimated from H&E histological sections from wide local excision of the primary breast tumor. If viable tumor cells were found either close (1 mm or less from the inked margin) or at the inked margin, intraoperative reexcision was deemed appropriate. Adverse events, vital signs, and laboratory measurements (complete blood count, blood urea nitrogen and creatinine, bilirubin, serum glutamic-oxaloacetic transaminase, serum glutamic-pyruvic transaminase, alkaline phosphatase, and routine chemistries) were monitored to evaluate the safety and tolerability of the thermal dose. Cases excluded from the statistical analysis included patients who did not receive FMT treatment, patients with multifocal tumors, patients with extensive DCIS determined by pathological evaluation of the excised breast tissue, patients discontinued or withdrawn from the study, patients who received an excisional biopsy, and patients with tumors not T1 or T2.
Patient characteristics were as follows. A total of 92 patients were enrolled (46 in each arm), and 17 cases were excluded from the interim statistical analysis, based on the criteria discussed above, providing a study group of 75 patients for analysis; patient demographics are given in Table 5 . In the study group, 34 patients (mean age In the thermotherapy arm, 79.4% of patients were postmenopausal compared with 73.2% in the surgery-alone arm. In the thermotherapy arm, 76.5% of patients were estrogen receptor (ER) positive, 50% were progesterone receptor (PR) positive, and 21.2% were HER-2/neu positive. In the surgery-alone arm, 82.8% of patients were ER positive, 75.6% were PR positive, and 34.1% were HER-2/ neu positive. In the study group, breast compression at the start of thermotherapy had a mean value of 5.3 cm (range 3.0-9.2 cm). Mean pathologic tumor necrosis by volume was 29.8% (range 0-100%) in the thermotherapy arm and 0.1% in the surgery-alone arm (P = 0.0001). In the group of 17 patients who received the minimum desired thermal dose of 210 equivalent minutes, the minimum targeted temperature of 48°C was achieved in 15 of 17 (88.2%) cases, and the mean tumor necrosis by volume for these 17 patients was 38.0%, with 2 of the patients having 100% tumor necrosis. The desired target tumor temperature of (48°C or greater) was achieved in 15 of 34 (44.1%) patients. In the group of 15 patients that received the minimum desired target temperature of 48°C, the minimum thermal dose of 210 equivalent minutes was achieved in 15 of 15 (100%) cases, and the mean tumor necrosis by volume for these 15 patients was 36.3%, with 2 of the patients having 100% tumor necrosis. Therefore, the cases receiving the target temperature and target thermal dose were highly overlapping. The most consistent high degree of tumor necrosis occurred when all of the following parameters occurred together: (1) cumulative thermal dose greater than 210 min was achieved in the tumor, (2) tumor temperature was maintained above 48°C for greater than 2.0 min, (3) microwave treatment time was greater than 10 min, and (4) microwave energy dose was greater than 50 kJ.
Excised tissue and margin status are as follows. Predicted and actual excised breast tissue volumes for the thermotherapy arm and control arm are given in Table 6 . At enrollment, based on ultrasound tumor measurements in three dimensions, the calculated mean tumor volume (ellipsoidal volume = length 9 width 9 depth 9 0.524) was 2.5 cc in the thermotherapy arm and 1.5 cc in the surgery-alone arm (P = 0.14). Assuming a 2-cm surgical margin surrounding the ellipsoidal tumor, the predicted mean volume of excised breast tissue was 88. Based on gross pathology, the maximum dimension of excised breast tumor had mean value of 1.87 cm in the thermotherapy arm and 1.85 cm in the surgery-alone arm (P = 0.94). The gross maximum dimension of the initial excised breast tissue (prior to any reexcisions) had mean value of 8.3 cm in the thermotherapy arm and 7.4 cm in the surgery-alone arm (P = 0.07). The mean volume of excised breast carcinoma (residual) from gross pathology in the first surgery was 3.24 cc in the thermotherapy arm and 3.05 cc in the surgery-alone arm (P = 0.82). The mean volume of excised breast tissue including first excision and all reexcisions was 117.8 cc in the thermotherapy arm and 94.7 cc in the surgery-alone arm (P = 0.13).
The pathologic margins and second incision results are given in Table 7 . In the thermotherapy arm 29 of 34 (85.3%) patients had negative margins, and in the surgeryalone arm 30 of 41 (73.2%) had negative margins (P = 0.26). In the thermotherapy arm, 5 of 34 (14.7%) patients had close margins, and in the surgery-alone arm 7 of 41 (17.1%) had close margins (P = 0.81). In the thermotherapy arm 0 of 34 (0%) patients had positive margins and in the surgery-alone arm 4 of 41 (9.8%) patients had positive margins (P = 0.13). In the thermotherapy arm, 2 of 34 (5.9%) patients received a second incision, and in the surgery-alone arm 4 of 41 (9.8%) patients received a second incision (P = 0.68).
Side-effects for the 34 patients in the interim-analysis group receiving thermotherapy prior to surgery are now described. In this study, 3 of 34 (8.5%) patients receiving thermotherapy had a skin burn less than 3 cm in size. With respect to the overall thermotherapy treatment, 15 of 34 (44.1%) of patients had no discomfort during thermotherapy, 11 of 34 (32.4%) had mild discomfort, 3 of 34 (8.8%) had moderate discomfort, and 5 of 34 (14.7%) had The main objective of this study was to determine whether focused microwave phased-array thermotherapy could decrease the rate of positive margins, without clinically significant toxicity, in a multicenter randomized setting. The results of this study are suggestive of a reduction in positive margins in the preoperative thermotherapy plus breast-conserving surgery arm compared with surgery alone (0 vs. 9.8%, P = 0.13). A larger randomized study is required to verify this conclusion.
Randomized Study for Large Breast Cancer Tumors
In this randomized study, it is hypothesized that, for patients with large breast cancer tumors, the combination of focused microwave thermotherapy and neoadjuvant chemotherapy could improve tumor response rates and 19 This study was approved and monitored by the Human Subjects Committee at each participating institution. Eligibility criteria included: (1) Karnofski performance status [70%, (2) core-needle biopsy-proven invasive breast cancer, (3) patient was a candidate for mastectomy and was eligible for neoadjuvant chemotherapy treatment, (4) visible tumor measurable by clinical exam and by ultrasound, and (5) absence of involvement of the skin or pectoralis muscle. All patients were required to undergo counseling and sign written informed consent. Some specific exclusion criteria were pregnancy, breast-feeding, and presence of breast implants, pacemakers or defibrillators.
Patients randomized to thermochemotherapy were scheduled to receive four cycles (every 21 days) of AC chemotherapy [doxorubicin (anthracycline) at 60 mg/m 2 and cyclophosphamide at 600 mg/m 2 ] and two treatments of focused microwave thermotherapy concomitantly with the first two cycles of AC chemotherapy; thermotherapy was to be administered starting within 1-4 h, but no later than 36 h, after chemotherapy was infused. The maximum allowed thermotherapy treatment time was 60 min in each of two treatments in this study. The desired tumor thermal dose during active microwave heating for this study was in the range of 80-120 CEM 43°C in each of two treatments, at tumor temperatures in the range of 44-46°C. Based on two such thermotherapy treatments, the desired cumulative thermal dose would range between 160 and 240 CEM 43°C and should provide a significant tumor response, because a heat-alone thermal dose of 210 min or greater (relative to 43°C) is predictive of 100% necrosis for invasive breast carcinomas. 17 Breast tumor response was quantified by clinical exam in two dimensions (area = product of two diameters) and by ultrasound measurements in three dimensions (elliptical volume = length 9 width 9 depth 9 0.524).
A total of 34 adult female patients with T2, T3 invasive breast cancer were enrolled in this study. Seventeen patients were randomized to thermochemotherapy, and 17 were randomized to chemotherapy alone. Although a larger study had been planned, due to changes in standard-of-care neoadjuvant chemotherapy that occurred at some of the participating institutions during this period of time, the trial was closed early; however, key findings are discussed. Six patients were withdrawn from the study because their chemotherapy regimen was altered to a non-anthracyclinebased chemotherapy regimen after enrollment, leaving a total of 28 study subjects for analysis. For the 28 study subjects, analyzable data is available for 15 of 17 patients in the thermochemotherapy arm and 13 of 17 subjects in the chemotherapy-alone arm.
Patient clinical and tumor characteristics at the time of enrollment in the study group are presented and compared in Table 8 . At enrollment, based on clinical examination the median value of tumor size in the thermochemotherapy arm and in the chemotherapy-alone arm were 5.13 and 3.5 cm, respectively (P = 0.05, Mann-Whitney two-sided test). Based on ultrasound measurements, the median value of tumor volume in the thermochemotherapy arm and the chemotherapy alone arm were 10.31 and 4.13 cc, respectively (P = 0.02, Mann-Whitney two-sided test). Thus, prior to treatment, tumors were significantly larger in the thermochemotherapy arm compared with the chemotherapy arm. In the thermochemotherapy arm, the mean peak tumor temperature achieved was 45.0°C (range 44.6-46.5°C) and the mean tumor thermal dose was 150.6 CEM 43°C (range 0-233.9 CEM 43°C ). Mean thermotherapy treatment time was 34.8 min per each treatment. Tumor volume reduction following thermochemotherapy and chemotherapy alone is summarized in Table 9 . After thermochemotherapy, but prior to surgery, the mean tumor diameter was 1.59 cm (range 0-3.5 cm) and mean tumor volume was 3.13 cc (range 0-16.43 cc) based on ultrasound; mean tumor volume reduction compared with the volume at enrollment was 69.6% with median value 88.4% (n = 14). After chemotherapy alone but prior to surgery, the mean tumor diameter based on ultrasound was 1.97 cm (range 1.0-4.54 cm) and mean tumor volume was 2.3 cc (range 0.24-7.65 cc) based on ultrasound; mean tumor reduction was 50.5% with median value 58.8% (n = 10) based on ultrasound-measured volume. Figure 3 provides a comparison of the tumor volume reduction in both arms based on ultrasound measurements; the data are ordered from greatest to least tumor reduction, with negative values indicating tumor growth. The median value of absolute tumor volume reduction for preoperative thermochemotherapy was statistically significant relative to preoperative chemotherapy alone (88.4 vs. 58.8%, respectively; P = 0.048, Mann-Whitney two-sided test). The percentage of patients with tumor volume reduction greater than 75% was 11 of 14 (78.6%) in the thermochemotherapy arm compared with 2 of 10 (20%) in the chemotherapy-alone arm (P = 0.011). As a result of the thermochemotherapy treatments, 14 of 15 (93.3%) patients had sufficient tumor volume reduction in the breast to become eligible for breast conservation based on cosmetic considerations by the judgment of the surgeon, and 11 of 15 (73.3%) patients actually received breast-conservation surgery. By comparison, in the chemotherapy-alone arm, 12 of 13 (92.3%) of patients were eligible and actually received breast-conservation surgery (P = 0.33, Fisher's exact test). Mean pathologic tumor necrosis by volume was 70.5% (range 0-100%, n = 14) with two patients having a complete pathologic response among those receiving thermochemotherapy, and in the chemotherapy-alone arm mean pathologic tumor necrosis by volume was 45.7% (range 0-100%, n = 7) (P = 0.41). Side-effects caused by thermotherapy were as follows. Erythema occurred in 6 of 26 (23.1%) treatments. A skin burn (less than 1.5 cm diameter) in the microwave treatment field occurred in 5 of 26 (19.2%) treatments; in each case the peak skin temperature exceeded 40°C (range 40.4-42.5°C). The subjects' level of discomfort with thermotherapy was no discomfort in 5 of 22 (22.7%), mild discomfort in 11 of 22 (50.0%), moderate discomfort in 5 of 22 (22.7%), and intolerable discomfort in 1 of 22 (4.5%).
In summary, in this randomized clinical study of patients with T2, T3 tumors judged to require mastectomy as the local surgical treatment for breast cancer, preoperative focused microwave phased-array thermotherapy in combination with preoperative AC chemotherapy appears to be effective and safe. The combined use of thermotherapy and AC chemotherapy in the overall group provided a greater tumor response in terms of tumor volume reduction; median tumor size reduction based on ultrasound-measured volume was 88.4% in the thermochemotherapy arm compared with 58.8% in the chemotherapy-alone control arm, reaching statistical significance (P = 0.048).
DISCUSSION
There is significant interest in the use of minimally invasive ablative techniques in the treatment of breast cancer in the intact breast. [27] [28] [29] [30] [31] [32] Local tumor regression and long-term local control of breast cancer with minimal damage to the surrounding normal breast tissues and skin are the objectives in using minimally invasive treatment techniques. Furthermore, the objective of the ideal treatment is to kill the entire primary tumor as well as to kill all cancer cells in the margins of healthy tissue surrounding the primary tumor. Other characteristics of the ideal treatment are that it must be an outpatient procedure applied percutaneously or transcutaneously without need of sedation or general anesthesia. Morbidity and local complications must be minimal. Thermal ablation such as freezing can be achieved through cryoablation, whereas heat energy can be generated by the use of interstitial laser photocoagulation, radiofrequency-induced coagulation, focused ultrasound, or wide-field focused microwave thermotherapy. [13] [14] [15] [16] [17] [18] [19] [20] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] The cytotoxic effects of thermotherapy on cancer cells using temperatures in the range of 45-53°C have been demonstrated on cancer cells in vitro. 62 Clinical trials have demonstrated improved efficacy of tumor heating with temperatures in the range of about 42-46°C when used with radiation therapy and chemotherapy. [7] [8] [9] [10] [11] [12] Focused microwave thermotherapy has been explored in clinical studies using mild tumor temperatures in the range of 42-46°C when used in combination with neoadjuvant chemotherapy for large (T2, T3) tumors, and using higher tumor temperatures of 48-52°C when used as a heat-alone treatment for early-stage (T1, T2) breast cancers. 19, 20 Microwave energy is promising because it can preferentially heat and kill high-water-content breast carcinomas, compared with lesser degrees of heating that occur in lower-water-content adipose tissues in the breast. [47] [48] [49] [50] [51] [52] [53] [54] [55] The coherent microwave radiation from the two applicators used in the wide-field focused microwave thermotherapy system oscillates at a rate of 915 MHz, and the timing (or relative phase) of the two waves emanating from the applicators is adjusted to achieve peak radiation at the focal point defined by the E-field probe located in the tumor. The fast oscillation of the microwave energy combined with the high electrical conductivity of breast carcinomas produces molecular friction in the breast carcinoma cells that generates heat and rapidly elevates the temperature of the tumor. [47] [48] [49] [50] [51] [52] [53] [54] [55] Herein we review clinical studies of focused microwave thermotherapy delivered as a wide-field treatment of the intact breast, which has potential clinical applications for ablation of early-stage breast cancer and for neoadjuvant thermochemotherapy tumor volume reduction of large breast cancer tumors. Four clinical studies including phase I safety, phase II dose escalation, and two randomized studies performed to date indicate that focused microwave thermotherapy is feasible and safe for treatment of breast cancer.
The main objective of the randomized study for treatment of early-stage breast cancer was to determine whether preoperative focused microwave phased-array thermotherapy could decrease the rate of positive margins, without clinically significant toxicity, in a multicenter randomized setting. 20 The target cumulative thermal dose of 210 equivalent minutes was achieved in 17 of 34 (50%) patients, and the target tumor temperature of 48°C or greater was achieved in 15 of 34 (44.1%) patients. Based on H&E staining, complete (100%) necrosis of breast cancer was achieved in 2 of 17 (11.8%) cases receiving the targeted cumulative thermal dose; in both of these cases there was no pathologic evidence of viable invasive carcinoma or DCIS cells. To achieve a high degree of necrosis of breast cancer, in addition to the target cumulative thermal dose of 210 equivalent minutes, this study indicates that the target tumor temperature should also be maintained above 48°C for greater than 2.0 min. Tumor cell kill measured by other pathologic testing such as nicotinamide adenine dinucleotide-diaphorase (NADH-d) and immunohistochemistry, as used in other breast tumor ablation studies, were not evaluated in this study. 16, 31 At the interim analysis, an apparent reduction in the incidence of positive margins was suggested in the thermotherapy arm; however, both consistent delivery of the targeted tumor thermal dose and consistent tumor necrosis were not achieved in this preoperative heat-alone treatment, and the study was closed early. Some of the cases in which the desired thermal treatment was not achieved might be a result of the learning curve associated with using a new treatment technology in a multi-institutional study setting. Thermal ablation with focused microwave thermotherapy was tolerated in a majority of cases, and no significant complications were recorded. A higher thermal dose than used in this study would be required for increased tumor necrosis. The results of this study are suggestive of a reduction in positive margins in the preoperative FMT plus breast-conserving surgery arm, and a larger study will be required to confirm this conclusion.
An observation arising from the randomized study of preoperative heat-alone treatment for early-stage breast cancer is the 0% rate of positive margins in the thermotherapy arm in comparison with 9.8% positive margins in the surgery-alone arm and reported incidences of positive margins after breast-conserving surgery in the literature of 4-44%. 20, [63] [64] [65] [66] However, this difference in positive margins did not reach statistical significance and might be the result of a type 2 statistical error requiring a larger clinical trial to demonstrate a statistical difference. Therefore, the hypothesis that focused microwave phased-array thermotherapy treatment prior to breast-conservation surgery provides significant tumor cell kill in the primary tumor and in the margins and is responsible for a low incidence of positive margins requires further critical study. Two other factors might be responsible for this finding regarding positive margins: (1) A smaller volume of breast tissue on average was excised in the surgery-alone arm and might have contributed to a higher rate of positive margins in the surgery-alone arm compared with preoperative thermotherapy; however, this volume difference was not statistically significant. Possible explanations for the larger volume of breast tissue excised in the thermotherapy arm might include increased firmness (induration) of the breast cancer mass as a result of thermotherapy effects leading to better resection, or investigator bias because this was not a blinded study. Future studies of focused microwave thermotherapy could investigate whether induration of the breast tumor occurs more frequently in the thermotherapy arm compared with surgery alone. Future studies should investigate whether thermal effects on tissue such as induration and coagulative necrosis have any impact on hemostasis in surgery. (2) At final pathologic diagnosis, a higher rate of ductal carcinoma in situ (61.0% in the surgery-alone arm versus 35.3% in the thermotherapy arm, based on final pathology; P = 0.04) might have been a contributing factor to the higher rate of positive margins in the surgery-alone arm compared with thermotherapy; two of the four cases in the surgery-alone arm had positive margins for DCIS. Elements of intraductal carcinoma might extend outside the tumor mass and can be difficult to detect preoperatively with mammography. 67 This characteristic of extensive DCIS is a potential contraindication for minimally invasive ablative approaches. In addition, microwave-heating properties of DCIS lesions need to be evaluated in future studies to determine whether DCIS is high-water high-ion-content similar to invasive breast carcinomas. If DCIS cells are high-water high-ion-content similar to invasive breast carcinoma, they might be successfully treated with wide-field focused microwaves for targeted tumor cell heating in the breast while sparing normal healthy breast tissue. Studies demonstrate that the differentiation of DCIS is correlated with the grade of the associated invasive ductal carcinoma, indicating a pathological similarity between DCIS and invasive ductal carcinoma cells. 68, 69 If microwave thermotherapy does not preferentially heat DCIS compared with normal breast tissues, then DCIS might be a potential exclusion criterion. In this study, patients were determined to have DCIS at the final pathohistological assessment (post surgery) from the excised tissue. Future studies of thermal ablation must consider selecting patients with invasive carcinoma with lower risk of an intraductal carcinoma component based on pretreatment mammography and percutaneous biopsy results. 69, 70 Future studies could determine whether widefield focused microwave thermotherapy has an ablative effect on DCIS.
14 In this clinical trial, five patients with multifocal tumors were excluded from the study group, and each patient had positive margins after the first surgery was completed. 20 Future studies of focused microwave thermal ablation should consider using magnetic resonance imaging to better identify patients with multifocal tumors or DCIS to possibly exclude these patients prior to enrollment. 41, 71 If focused microwave thermal ablation is to be studied in a clinical trial setting including patients that have multifocal tumors, to achieve negative margins multiple ablation treatments (one for each focal tumor site) should be considered. The ability of focused microwave phasedarray thermotherapy to consistently deliver a specified therapeutic thermal dose and minimum temperature to ablate breast cancer tumors and achieve consistent 100% pathologic tumor cell kill might depend on a number of factors, including (1) breast compression thickness, which impacts blood flow in the tumor and in surrounding tissues, and the required penetration depth for the microwaves, (2) tumor size, (3) tumor histology, (4) tumor location, (5) accuracy, number, and positioning of tumor temperature probes, (6) initial temperature of the tumor, (7) magnitude of skin-surface cooling, (8) patient tolerance, (9) length of time between thermotherapy and surgery, and (10) method of pathologic evaluation of tumor cell kill. It would be desirable in future clinical studies of presurgical heat-alone focused microwave phased-array breast thermotherapy to explore a more consistent delivery of a minimum 210-min thermal dose (with a corresponding tumor temperature in the range of about 48-50°C), and higher thermal doses for more effective and consistent tumor cell kill. In this study, the wide-field focused microwave thermotherapy system uses single-sensor temperature measurements, which provides limited monitoring and control of tumor thermal dose. Future studies of FMT could explore measuring the tumor blood perfusion rate with Doppler ultrasound when the breast is compressed prior to the start of thermotherapy, to assess the ability to overcome perfusion effects and more effectively heat the tumor; these perfusion measurements could be used as a guide to determine the desired breast compression thickness prior to the start of thermotherapy. In this study, in the focused microwave thermotherapy arm, 2 of 34 (5.9%) patients received a second incision, and in the surgery-alone arm 4 of 41 (9.8%) patients received a second incision; this difference was not statistically significant (P = 0.68). Larger studies conducted at more consistent and/or higher therapeutic doses of FMT will provide meaningful information regarding the success of this therapy for heat-alone treatment of breast cancer based on pathological response and second-incision rates. Comparison with other means of percutaneous thermal ablation of early-stage breast cancer will then be possible. The main objective of the randomized study for large breast cancer tumors was to determine whether focused microwave phased-array thermotherapy at temperatures in the range of 44-46°C combined with neoadjuvant anthracycline-based AC chemotherapy could increase the reduction of volume of large breast carcinomas, without clinically significant toxicity, in a multicenter randomized setting. The median value of tumor volume reduction for preoperative thermochemotherapy was statistically significant relative to preoperative chemotherapy alone [volume reduction 88.4% (n = 14) versus 58.8% (n = 10), respectively; P = 0.048]. This small study serves as proof of the principle for this neoadjuvant combined approach of focused microwave thermotherapy and chemotherapy. As of this date, other than in a clinical trial setting, neoadjuvant thermochemotherapy cannot be recommended, because the objective responses have not yet translated into a clinically measurable improved patient outcome, such as increased use of breast conservation or decreased recurrence rates, and further randomized clinical studies are needed. 72 Potential weaknesses in the study design may be responsible for a lack of clinical efficacy and may be related to the absence of very well-defined or strict criteria for the selection of breast-conservation surgery versus mastectomy, as this was based solely on experienced surgeons' judgment. Another possible explanation is that tumor size was such that it required only reduction of a small volume to permit breast-conservation surgery, particularly since there is an apparent difference in pretreatment tumor size between the experimental and control arms, with tumors being larger in the experimental thermotherapy arm. There is no significantly increased morbidity with the addition of thermotherapy to the standard systemic chemotherapy. The treatment was well tolerated in the vast majority of patients. Self-limited erythema occurred commonly after thermochemotherapy and only in a small number of patients was followed by clinical evidence of a burn area in the skin. Skin burn in most patients was treated with topical treatments, but required excision of the small burn area in two cases. Close attention to the technique of delivery of thermotherapy with particular interest in the thermal dose delivered to the skin and to patient symptomatology during therapy are essential to avoid significant heating-related side-effects. The risk of local recurrence is an important factor that warrants consideration. A shortcoming of our study is the limited follow-up of the patients in this series. Larger studies and long-term follow-up are required to accurately estimate the incidence of local recurrence after breast-conservation surgery following neoadjuvant thermochemotherapy. In this study, neoadjuvant thermochemotherapy is more effective than neoadjuvant chemotherapy in effectively reducing tumor burden.
In summary, based on the four clinical studies reviewed herein, externally applied wide-field focused microwave thermotherapy has been administered safely for breast cancer patients with breast tumor sizes ranging from 0.8 to 7.8 cm based on ultrasound measurements. In the small randomized study using heat-alone focused microwave thermotherapy for early-stage breast cancer, a 0% rate of positive tumor margins was observed in the preoperative FMT treatment arm compared with 9.8% in the surgeryalone arm (P = 0.13). In the small randomized study using heat in combination with preoperative chemotherapy, median tumor volume reduction was 88.4% in the FMT combined with chemotherapy treatment arm compared with 58.8% in the preoperative chemotherapy-alone arm (P = 0.048). Focused microwave thermotherapy warrants further investigation in larger randomized clinical studies both as a preoperative heat-alone treatment to reduce positive margins for early-stage breast cancer and as a preoperative combination heat and chemotherapy treatment to reduce tumor volume for large breast cancer tumors to improve breast conservation.
